Reduced graphene oxide (rGO) was applied to prepare various composites of rGO/photocatalyst of G/TiO 2 , G/ZnO and G/Ta 2 O 5 , using titanium (IV) isopropoxide, Zn powder and commercial Ta 2 O 5 powder as photocatalyst precursors, respectively. X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), Fourier transform infrared spectroscopy (FT-IR), thermogravimetric-differential thermal analysis (TG-DTA) and UV-vis diffuse reflectance (UV-vis DRS) were employed to investigate the crystal structure, morphology, surface groups, rGO loading, and optical properties of the produced composites. The photocatalytic activities of the composites under UV-vis and visible light were studied in degradation of methylene blue (MB). G/ Ta A c c e p t e d M a n u s c r i p t 2 investigated. H 2 O 2 was a promising oxidant for promoting MB degradation under visible light. The mechanism of the enhanced efficiency in the system of G/TiO 2 +vis+H 2 O 2 was discussed.
Introduction
Light-assisted degradation of organic pollutants has been widely employed as a promising strategy for environmental remediation. Currently, direct ultraviolet (UV) light or sunlight photodegradation of organic pollutants has a very low efficiency, and highly depends on the photoreactivity of the specific substance [1] . The free radicals, such as hydroxyl [2] , super oxygen [3] , and sulfate radicals [4] produced from oxidants, however, are able to attack organic compounds almost non-selectively, with a high rate. Such advanced oxidation processes (AOPs) have been applied in photo-Fenton (UV/H 2 O 2 ) [5] , photocatalysis [6, 7] , and photochemical reactions [8] [9] [10] . Most photochemical oxidations involve homogeneous metal ions, such as Fe(II), Fe(III), Co(II) or Ag(I), etc. [5, 11, 12] , however, the discharge of such metal ions into water bodies would lead to serious secondary contamination. It was found that heavy metal leaching could also occur in heterogeneous catalytic reactions [13] [14] [15] .
The efficiency of light-assisted AOPs would be directly controlled by the production of free radicals, which significantly depend on the activation of photocatalysts and oxidants upon light irradiation.
Conventional TiO 2 photocatalysis has barriers in practical remediation of organic pollutants due to the low efficiency in sunlight absorption [16] . Increasing the photoinduced carriers' separation rate and extending the absorption threshold of TiO 2 were proposed to overcome the barriers in TiO 2 photocatalysis. To this end, a variety of methods, e.g., metal doping, noble metal deposition, semiconductor coupling, dye sensitizing, and non-metal modification, have been attempted [6, 7, 16] . In general, visible light photocatalysis on TiO 2 can be facilitated by introducing additional electronic states and higher activity can be realized by creating electronic interactions between TiO 2 and modifying materials, such as dye, noble metal, narrow band semiconductor, etc [17] .
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A c c e p t e d M a n u s c r i p t 3 ZnO and Ta 2 O 5 are also popular photocatalysts, which can only work in UV region [18, 19] . The strategies for making ZnO responsive to visible light are very similar to those of TiO 2 , including doping [20] , dye sensitizing [21] , and semiconductor coupling [22] , etc. On the other hand, the modification of Ta 2 O 5 for visible light photocatalysis has been less successful, and only a few investigations have been reported [23] [24] [25] .
As a new carbonaceous material, graphene has attracted tremendous attention in the past years, due to its unique electronic property, excellent mobility of charge carriers (200,000 cm 2 V -1 s -1 ), and extremely high theoretical specific surface area (~ 2,600 m 2 g -1
) [26] . It was reported that these salient features can be employed to improve electronic, optoelectronic, electrocatalytic, and photocatalytic performance of semiconductor materials [27] . Zhang et al. [28] reported a facile one-step hydrothermal method for preparation of a chemically bonded TiO 2 (P25)-graphene nanocomposite, which had great adsorptivity of dyes, extended light absorption, and efficient charge separation. Stengl et al. [29] prepared a nonstoichiometric TiO 2 -graphene nanocomposite by thermal hydrolysis of suspension with graphene nanosheets and titania-peroxo complex. The direct interaction between TiO 2 and graphene prevented the reaggregation of the graphene sheets, resulting in a higher photocatalytic activity. Lee et al. [30] reported that graphene-wrapped anatase TiO 2 nanoparticles presented a high photocatalytic activity under visible light irradiation. Zhao et al. [31] suggested that a "dyade"-like structure would form on graphene@TiO 2 to produce more OH radicals than pure TiO 2 under UV and visible-light irradiation. Some investigations in graphene/ZnO were also attempted [32] [33] [34] . However, no investigation in graphene/ Ta 2 O 5 has been reported.
On the other hand, graphene itself can significantly contribute to chemical oxidation of organic pollutants. In a pioneering study, we discovered that chemically reduced graphene oxide was able to effectively activate peroxymonosulfate (PMS) to produce active sulfate radicals. Graphene demonstrated a higher activity than several other carbon allotropes, such as activated carbon, graphite powder, graphene oxide, and multiwall carbon nanotube, as well as a cobalt oxide, in oxidation of phenol solutions [35] . In addition, previous studies demonstrated that effective remediation of organic pollutants can be conducted over photocatalyst/oxidant [8] , supported A c c e p t e d M a n u s c r i p t 4 photocatalyst/oxidant [9] , and photocatalyst supported cobalt/oxidant [10] . 
Experimental

Sample preparation
Graphene oxide (GO) was prepared by a modified Hummers method [36, 37] and the reduction of exfoliated GO was obtained by a hydrothermal reaction using hydrazine hydrate. Typically, GO (100 mg) was loaded in a 250 mL round bottom flask with 100 mL of deionized water and subjected to ultrasonic treatment for 2 h, yielding a homogeneous yellow-brown dispersion. Hydrazine hydrate (1.00 mL) was then added in and the solution was heated at 100 
Characterization
The crystalline structure of samples was analyzed by powder X-ray diffraction (XRD) using a Bruker D8-Advance X-Ray diffractometer with Cu Kα radiation (λ = 1.5418 Å) operated at 40 kV and 30 mA, respectively. FTIR analysis was performed on a Perkin-Elmer Model FTIR-100 with a MIR detector. UV-vis diffuse reflectance spectra (DRS) of samples were recorded on a JASCO V670 spectrophotometer with an Ø 60 mm integrating sphere and BaSO 4 as a reference material.
Field emission scanning electron microscopy (FE-SEM), performed on a Zeiss Neon 40EsB, was used to evaluate the morphology, size and texture information of the samples.
Thermogravimetric-differential thermal analysis (TG-DTA) was carried out on a TGA/DSC 1 instrument of Mettler-Toledo in air flow at a heating rate of 10 ºC/min.
Photocatalytic and photochemical tests
Photocatalytic performances of various catalysts were evaluated in the photodegradation of Fig. 1 shows XRD patterns of three rGO/photocatalyst composites. Fig. 1(A [38] . It has been reported that the brookite phase will disappear once the duration is prolonged to several hours [39, 40] . The average crystallite size of [35, 41] . In this study, neither diffraction of GO nor rGO was observed in XRD pattern, possibly due to the low content (< 3wt%) of rGO loading. Fig. 1 , and C-OH stretching at 1165 cm -1 , were clearly observed.
Results and discussion
Characterization of graphene/photocatalyst composites
After formation of composites, most of the above peaks disappeared, indicating the transformation of GO to rGO. In G/Ta 2 O 5 , the absorption bands at 600 -800 cm -1 correspond to Ta-O-Ta and Ta-O M a n u s c r i p t 8 bands, and 1070 cm -1 refers to Ta-O terminal group. The bands in 800 -1000 cm -1 are from the presence of several suboxides [39] . It was also observed that there were several peaks centered at 1350 and 3000 -2800 cm -1 , which were attributed to feature distinctive stretching, vibration modes of C-C and the stretching vibration mode of C-H, respectively. The peaks from organic groups might be from CTAB in the preparation of samples.
[Insert Fig.4 [48] reported that the photocatalytic degradation of MB by a modified TiO 2 under UV followed first order rate kinetics. Nolan et al. [49] reported that degradation of MB by N-TiO 2 under visible light also followed first order kinetics. Zeroth order kinetics was observed in photobleaching MB on mesoporous titania films [50] . The interface structure, optical and morphological properties controlled by the preparation protocol, would be a critic step for the enhanced photocatalytic activity from rGO hybridization [52] . The enhanced photocatalytic activity can be attributed to (i) improved adsorption ability by A c c e p t e d M a n u s c r i p t incorporation of graphene, (ii) extended absorption edge, (iii) unique interface structure for higher charge separation, and (iv) reduced charges combination rate [27, 28, 30] .
[Insert Fig.6 ] We previously reported the varying behaviour of H 2 O 2 , PDS and PMS for promoting degradation of organic pollutants using UV/ZnO [8] . It was found that homogeneous photochemical oxidation of phenol using PMS, PDS or H 2 O 2 exhibited much better performance than heterogeneous photocatalytic oxidation using UV/ZnO. The study of combination of photocatalytic/photochemical reactions of UV/ZnO/oxidant suggested that PDS and H 2 O 2 imposed a negative effect on UV/ZnO, while PMS was able to increase the efficiency of phenol degradation. Under UV irradiation, H 2 O 2 A c c e p t e d M a n u s c r i p t 11 will be activated to produce hydroxyl radicals [1] .
PDS and PMS can produce sulfate radicals by UV activation as follows [8] .
In photocatalytic reactions, either TiO 2 or ZnO, would produce oxidative radicals under radiations.
Therefore, the competitive reaction of free radicals between pollutant molecules and other chemical species would determine the effect of the oxidant. For example, in the system of UV/ZnO/PMS or UV/ZnO/H 2 O 2 [8, 53] , the following reactions also occur.
The produced SO It was also found that the light source would influence the effect of oxidant on the efficiency of pollutant degradation. For example, PDS could provide a positive enhancement to ZnO for oxidation of phenol under artificial sunlight [54] . A recent study further discovered that even for the same oxidant and reaction condition, the oxidant behaved differently onto varying photocatalysts. [10] In this study, visible light was used and it was not surprised to find the negative effect of PDS, M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t 
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